We would like to thank Referee #2 for their detailed comments and discussion. We greatly appreciate the care with which the referee has reviewed this manuscript and the improvements gained through their insight.
2
Referee Comment: This is a complementary paper to the recent Macdonald et al (2017) ACP manuscript that describes the deposition of the same chemical species to the snowpack, with snow mixing ratios and fluxes of these species described. In that paper, Figure 1 shows time series over the same period of Sept 2014 to Jun 2015 for the following "key analytes" (as described in that paper), grouped according to time series correlations: Black carbon, methanesulfonate, C2O42-& NH4+, sea salt, NSS-sulfate, nitrate, NSS-K+ & NSS-Br-, and crustal metals; this is quite similar to the time series of the 7 factors (salt, dust, BC, carboxylic acids, nitrate, metals, and sulfate) in Figure 2 of the current paper. Despite this overlap, little discussion was included in the previous manuscript regarding likely sources.
Response: This manuscript is meant to be a companion to the previous paper (Macdonald et al., 2017) mentioned by the referee.
The first paper outlines the measurements and analysis in greater detail and provides a comparison with concurrent atmospheric measurements. This paper expands on the previous, focussing on sources of these analytes to Arctic snow. Per the suggestion of the referees some additional references to the first paper and over-arching discussion have been added to the revised manuscript.
The time series provided in Macdonald et al. (2017) are grouped into related species or those with similar measured ranges, to facilitate plotting. All apportioned time series are also provided in this paper's supplemental.
Macdonald, K. M., Sharma, S., Toom, D., Chivulescu, A., Hanna, S., Bertram, A. K., Platt, A., Elsasser, M., Huang, L., Tarasick, D., Chellman, N., McConnel, J., Bozem, H., Kunkel, D., Ying Duan, L., Evans, G. J., and Abbatt, J. P. D.:
Observations of atmospheric chemical deposition to high Arctic snow, Atmos. Chem. Phys., doi:10.5194/acp-17-5775-2017 Phys., doi:10.5194/acp-17-5775- , 2017 Referee Comment: The authors are encouraged to do a more thorough literature search for previous Alert snow, aerosol, and trace gas studies that likely will support their source apportionment findings and provide evidence for greater certainty for source identification. Some appropriate papers (not meant to be comprehensive) are noted below for discussion of specific factors. While not temporally resolved, Krnavek et al 2012 (Atmos. Environ.) provide a detailed source apportionment of marine, terrestrial, and atmospheric influences on Arctic surface snow composition. Most notably, the authors do not cite or compare to Toom-Sauntry and Barrie (2002, Atmos. Environ) who previously collected weekly snow samples at Alert from 1990 to 1994 and measured inorganic and organic ions; this paper is highly relevant to the current work! Response: The study by Toom-Sauntry and Barrie (2002) is referenced in the previous paper discussing these snow measurements (Macdonald et al., 2017) . A comparison of the snow measurements from this campaign to those in previous studies, including Toom-Sauntry and Barrie 2002, is included in Macdonald et al. (2017) supplemental section S1. The trends and absolute values of major ions measured in snow in this study were mostly found to be consistent with those observed by Toom-Sauntry and Barrie, 2002 . However, we agree that further discussion of how these measurements compare to those of Toom-Sauntry and Barrie within this paper is also warranted. Sections 3.2.1 and 3.2.7 have been revised to include this discussion.
We thank the referee for suggesting Krnavek et al. (2012) . We have reviewed this paper and incorporated it into our discussion.
We have also expanded our literature review of other related studies. The following references have been added to the manuscript: Barrett, T. E., Robinson, E. M. Usenko, S. and Sheesley, R. J.: Source contributions to wintertime elemental and organic carbon in the western Arctic based on radiocarbon and tracer apportionment, Environ. Sci. Technol., 49 (19), 11,631-11,639, doi:10.1021 Technol., 49 (19), 11,631-11,639, doi:10. /acs.est.5b03081, 2015 Breider, T. J., Mickley, L. J., Jacob, D. J., Wang, Q., Fisher, J. A., Chang, R. Y.-W., and Alexander, B.: Annual distributions and sources of Arctic aerosol components, aerosol optical depth, and aerosol absorption, J. Geophys. Res.-Atmos., 119, 4107-4124, doi:10.1002 /2013JD020996, 2014 .
Response to Detailed Comments -Major Comments
Referenced to Page/Line #(s) in the original manuscript:
The first paragraph Abstract
Referee Comment: Currently, only two results are noted here -the names of the source factors and the fossil fuel source of the BC. Can additional results associated with other factors be mentioned here to highlight this work? Also, please be consistent between the factor names here and throughout the text (e.g. this says "regional dust", but later it is discussed that the dust is likely local).
Response: Per the referees' suggestion, the abstract has been revised to briefly summarize all factors resolved rather than focussing on Factor 3, BC. We agree that factor naming should be consistent throughout. The revised manuscript uses the following names when referring to Factors 1 to 7, respectively: sea salt, crustal metals, black carbon, carboxylic acids, nitrate, non-crustal metals, and sulphate. Response: Br-enrichment is observed in the spring. This observation was discussed in the previous companion paper: Macdonald et al., 2017. The time series of Br -is provided in the supplemental, showing a broad spring peak, and mentioned in the manuscript in section 3.2.5. This peak is not well-predicted by the PMF results. Section 3.2.1 of the revised manuscript has been updated to include a brief mention of Br-enrichment.
The neutralization ratio of each factor is summarized in the revised Section 3.2.1 discussion has been revised to improve flow and clarity. The correlation between Factor 1, sea salt, and local wind speeds was weak, a Pearson's correlation of 0.28. We agree that for local wind speeds to be relevant there must be a local source of sea salt. This could include any local open water, blowing saline snow, or frost flowers; however, we would require more data to confirm the existence of any of these sources at the specified time. The possibility of a frost flower source has been noted as quite uncertain in the revised text. Upon further consideration, we have noted that Factor 1, sea salt, in fact has a stronger correlation with collection period length (Pearson's correlation coefficient of 0.47). The January peak of this factor was one of the longer collection period of the campaign. This may suggest that the deposition of sea salt aerosol was relatively continuous over time;
thus, longer collection periods were associated with higher sea salt signatures. However, it should be noted that both of these correlations are fairly weak, so these inferences should be considered uncertain. The 0.28 correlation between Factor 1 and wind speeds has been deemed too weak to include in the revised manuscript (a minimum of 0.3 has been imposed on the values included).
Section 3.2.3 -Factor 3 (BC)
Referee Comment: The authors should consider the work of Doherty et al (2010, ACP) perhaps some discussion in that work may be helpful here.
Response: The suggested references have been added to section 3.2.3.
Section 3.2.4 -Factor 4 (Carboxylic Acids)
Referee Comment: In the authors' consideration of carboxylic acid sources, they should consult the work of Narukawa et al ( Response: Narukawa, Kawamura, and Bottenheim (2002) 
Section 3.2.7 -Factor 7 (Sulfate)
Referee Comment: In considering the main sources of snow sulfate, the authors should consult the work of Norman et al (1999, J.
Geophys. Res.) who used sulfur isotopes to determine seasonal aerosol sulfate sources at Alert from July 1993 to Sept. 1994. The authors note that several volcanoes were active over the 2014-2015 season. This factor peaks in the early fall; does this coincide with the volcano activity and associated air mass trajectories (FLEXPART analysis)? Reorganize this section so that there is a clear flow of discussion -currently the authors go back and forth between multiple potential sources. For example, L20-21 and 27-29 seem to be somewhat contradictory as written. L6-7 on P19 seems to be tacked on and should be integrated.
Response: Sirois and Barrie (1999), the companion paper to Norman et al. (1999) provides further analysis of aerosol sources. This study is cited within the manuscript.
Section 3.2.7 has been revised to improve flow and clarity. The text does state that Bárðarbunga, a volcano in Iceland, was active during the observed fall peak. The revised section gives details on how this compares with the FLEXPART analysis. Lines 20-21
and 27-29 of the original manuscript have been removed in the revision.
Section 3.3
Referee Comment: This section is labeled as "Overall Apportionment", but it is really primarily a discussion of how BC is apportioned between the factors. It may be useful to rename the title of this section, or reorganize and revise the section to make it more evenly about all of the factors. I would suggest a paragraph break at L21, with some reorganization between the two paragraphs. The authors point to mixing state of the particles potentially being important (L23-25), and this could be strengthened by citing previous Arctic studies (e.g. Weinbrunch et al 2012, Atmos. Environ.).
Response: Section 3.3 has been heavily revised to include greater discussion of all factors and reduce focus on Factor 3, BC. The apportionment of all analytes has been summarized in the revised Table 3 . Figure 4 has also been expanded to show the apportionment of BC, SO4 2-, and insoluble V.
Table 3
Referee Comment: It would be useful to integrate these results into the prior factor discussions (section 3.2).
Response: Per the referee's suggestion Table 3 has been moved to revised section 3.2. (now Table 2 ).
Conclusions
Referee Comment: The conclusions are very general, with limited discussion of any factor or analyte other than BC. There is an opportunity here to discuss other factors and analytes, particularly with respect to how they may change in the future, or with respect to uncertainties that should be examined in future work.
Response: The conclusions have been revised to discuss other factors and analytes in greater detail.
Response to Detailed Comments -Minor Comments and Technical Corrections
Referenced to Page/Line #(s) in the original manuscript: (Figure 1 ; Table 2 ). (revised manuscript page/line(s): 11/8-10)
1/19
Referee Comment: Fix phrasing/sentence structure as snow is not a light-absorbing compound.
Original Line: The majority (73%) of the black carbon in snow, a light-absorbing compound critical to the Arctic radiative balance, was found to be the product of fossil fuel burning with limited biomass burning influence.
Response: Per the comment above, the abstract has been revised to provide further details about all factors, with less focus on BC.
The line above has been removed from the revised abstract.
2/7-10 & 14-15, 15/15, and 17/8-9
Referee Comment: Provide references. 
2/15
Referee Comment: Please clarify the phrase "less prone to the ambiguities introduced by snow-pack collection".
Response: A comparison of fresh and aged snow sampling was discussed in the previous paper. However, we agree that this line
should not be included here without additional clarification or references. In the interest of space, this line has been removed from the revised manuscript.
2/27-28
Referee Comment: Mention measurements data here -otherwise it sounds like the study includes only PMF and air mass modeling. 
7/3
Referee Comment: Is this supposed to be 59 samples (based on P3 L2)?
Response: The referee is correct that a total of 59 sets of samples were analysed in the course of this study; however, some collection periods did not provide sufficient snow volume to perform the complete suite of analyses (see referenced Macdonald et al., 2017 for the complete list of sampling dates, completed analyses, and results). Section 2.4.1 of the manuscript explains that the PMF analysis was limited to collection periods with the majority of analytes of interest measured (original manuscript 5/21; revised manuscript 5/12).
7/4
Referee Comment: Clarify wording that you are discussing analyte concentrations and fluxes. Response: Per the referee comments, discussion of the concentration and flux/day PMF analyses has been moved from the manuscript to the supplemental. The following has been added to this discussion in the supplemental to clarify: "For example flux per snowfall is likely related to a specific synoptic event, arising from a common location. This will be more useful than concentration given that this value will be affected by the amount of precipitation, and more useful than flux per day that will be affected by the rapidity of snowfall." (revised supplemental page 10-11) 7/17-33, 8/5-9, and Table 1 Referee Comment: I suggest moving these paragraphs to the methods and supplementary information, as they discuss how the authors decided to use seven factors and do not discuss science. The section is also difficult to follow without in-depth knowledge of the method, and without referring back to the methods section frequently. Similarly, I suggest moving Table 1 to the supplementary information.
Response: Per the referee's suggestion, this section has been shortened in the manuscript. Table 1 has been left in the manuscript as it lists the analytes included in the PMF analysis and specifically which were considered strong or weak. We agree that the diagnostic properties are not necessary in the manuscript for the target audience of the ACP; however, we do believe it is important to list the analysis main inputs and describe the overall fit of the predicted results.
8/14-15
Referee Comment: These sentences are redundant.
Original Line: These compounds are all typical of sea salt, suggesting a marine origin for Factor 1. The composition of Factor 1 was found to be consistent with that of sea salt (Pytkowicz and Kester, 1971) .
Response: The intention of these two lines was to convey that the dominant compounds as well as their relative proportions were both consistent with a marine source. We agree that as written this distinction is not clear and the lines become redundant. The line has been revised as follows: These dominant analytes and their relative proportions are consistent with that of sea salt (Pytkowicz and Kester, 1971) , suggesting a marine origin for Factor 1. (11/10-11)
9/1-12
Referee Comment: "Compound(s)" should be "ion(s)" here. Also, what are the uncertainties in the enrichment ratios? (These errors should be stated for all enrichment ratios reported in this manuscript.)
Response: The word "compounds" has been removed, and typically replaced with "analytes" as to be general. The uncertainty of enrichment ratios have been described in the text using the 25 th and 75 th bootstrapping analysis results. (11/8-12/3)
Figure 1
Referee Comment: Remove "(point)" and "(bar)" on the y axes, as this is already shown in the legend, and "bar" is a unit of pressure.
Response: Addressed in revised manuscript. 
11/9
Referee Comment: Provide the calculated ratio in parentheses for context.
Original Line: Specifically, the modelled ratio of As/Al was seen to be closer to that of local soils (Barrie, den Hartog, and Bottenheim, 1989) than the global typical composition (Taylor, 1964; Masson-Delmotte et al., 2013) with enrichment ratios of 6 and 37, respectively.
Response: This primary focus of this line is to convey the greater similarity of the apportioned factor to local soil as compared to typical global soils. This is exemplified with the enrichment ratios provided. The line has been revised to also provide the ratios as follows: Specifically, the modelled ratio of As/Al (0.00081 m/m) was seen to be closer to that of local soils (0.00013) (Barrie, den Hartog, and Bottenheim, 1989) than the global typical composition (0.00002) (Taylor, 1964; Masson-Delmotte et al., 2013) with enrichment ratios of 6 and 37, respectively (6.3-9.5 and 37-58 25th-75th percentiles per bootstrapping analysis). (12/28-31)
13/32
Referee Comment: The neutralization equation is provided on P9, but it is not clear if the same equation is used for the calculation here and elsewhere in the paper.
Response: The updated manuscript provides all neutralization ratios in the revised Table 2 . It is clarified that the provided formula is used for all calculations. (9/8-11) Table 3 Referee Comment: While there is a footnote defining "Southern Oceans", I suggest renaming to Atlantic & Pacific Oceans, since "Southern Ocean" is a phrase typically referring to near the Antarctic.
Response: We agree that the original naming could be misconstrued. This has been revised as "Open Ocean". (revised page 11)
Figure 4
Referee Comment: The abbreviation "Cbx. Ac." In the legend is not immediately obvious; I suggested writing out "carboxylic acids" on two lines instead for improved clarity.
Response: Figure revised with "carboxylic acid" as legend entry. (revised page 10)
